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ABSTRACT 


The kinetics of the homogeneous reaction of carbon dioxide 
with diethanolamine (DBA) have been investigated using the 
stopped flow, method with optical detection in the -concentration 
range [dEA] = 0.07 - 0.10 M and [CO2] = 5.36 x 10“^ M. The 
study indicates that overall reaction is second order, (i.e.), 
first order both in carbon dioxide and diethanolamine. The 
second order rate constant was found to be 26+2 lit/gmole sec 
at 298 K, The activation energy was calculated as 43.6 KJ/moleo 
The pH dependence of rate constant was studied in order 
to determiae the effect of hydrogen ion concentration on 
C02-3)SA. reaction. A mechanism which is in consistent with the 
experimental results has been proposed. Individual rate 
constants for pairs of reactive species present in the system 
were calculated using pH dependence. 
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MROniGTIOR 

t»1 Ggqeral ; 

The reactions of carbon dioxide with amines are of industrial 
and biological significance. Aqueous solution of diethanolamine 
(DEA) is used as a powerful and rapid ^absorbing' 
agent for removal of both carbon dioxice and hydrogen sulfide, 

DEA is the most preferred absorbing agent in industrial processes 
because of its low volatility, low corrosiveness, high reacti- 
vity, thermal stability and ease in regeneration of absorbing 
solution. In the biological context, enzymes containing metal 
bound amino groups play an iii 5 )ortant .part in the transport of 
carbon dioxide from the blood stream. 

In most practical situations, the rate of absorption is 
influenced by the kinetics of the reaction between carbon, 
dioxide and diethanolamine solution. Therefore, a knowledge 
-jf the kinetics of the reaction between carbon dioxide and DEA 
solution is very important in the rational design of absorption 
equipment. Although, the kinetics of this system (GO 2 removal 
by EEA) have been investigated by many workers, considerable 
discrepancies exist for this reaction between various experi- 
mental results. It has been recently pointed out [1,2] that the 
main reason for this disagreement is the fact that the reaction 
mechanism is far more complicated than most authors assumed. 
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It is essentially in regard to this point, the present work 
was carried, out to clarify the kinetics and mechanism of DBA,-C 02 
reaction. In this kinetic investigation, increased emphasis 
has been placed on the parametric dependence of the pH of the 
reacting medium upon the reaction rate. 

1'-,2 Mtenature Survey : 

The earliest study of the reaction between GO 2 and DEA. 
was conducted by Jensen, Jorgensen and Hourholt [3] . Atmos- 
pheric air containing about 10 percent OO 2 was led into 
solutions containing both amine and sodium hydroxide. Ihe 
concentration of sodium hydroxide was varied from half to double 
the amine concentration, These authors observed that carbamate 
v/as the only reaction product and it decomposed to carbonate 
after several minutes. The second order rate constant reported 
at 291 K was 5400 lit/gmol sec, Jorgensen [4] studied the 
CO 2 -DEA. system using the same experimental technique as 
Jensen et al. [3] a^d also obtained a value for carbamate 
formation of 5400 lit/gmol sec at 291 K, However, Jorgensen [4] 
allowed the possibility of a competing reaction indicating that 
the reaction product formed was a mixture of carbamate and 
alkyle carbonate. In strongly alkaline solutions, the amount 
of alkyle carbonate fomned was excessive. Sodium hydroxide 
concentration was varied from one third, to three times the DEA 


concentration 
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Nimge and G-ill [ 5 ] studied the absorption of CO 2 into 
pure DEA in a gas-liquid stirred reactor at 302, 308, and 314 K, 
The absorption was followed by pressure— time measurements. An 
equation describing the gas-liquid absorption system was 
derived and then simplified, by considering only kinetic region. 

The experimental data were correlated with this simplified 
equation and they indicated that the reaction follows a third 
order equation, i.e. first order in OO 2 and second order in 
DEiA. • ' 

Sharma [ 6 ] studied the reaction beti'/een CO 2 . and DBA, and 
suggested that the reaction takes place according to the following 
mechanism; 


C 02 + R2NH - 

£ 2 ^ 000 “ 

' + 

(1) 

H'^ + R2NH - 

— R 2 KH+ 


(2) 

CO2 + 2R2NH - 

> I^2™2 

+ R2]7C00“ 

(3) 


in which the first step reaction Eq.(l) is second order, (i.e.), 
first order with respect to both CO 2 DBA, and is rate 
controlling [7]. The R in (1) to (3) is CgH^OH group. The 
reaction proceeded to give amine salt of carhamio acid as the 
product of the reaction. The second order rate constant was 
found to be 1000 lit/g mol sec at 291 K. Sharma [6] also 
reported that the contributions of the reactions y/ith water 
and hydroxyl to the overall rate of reaction were negligible 
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under conditions used in pmctice for absorption of CO 2 in 
aqueous DM. solutions, 

leder [ 8 ] studied the absorption of CO 2 in potassium 
carbonate— bicarbonate buffer solutions at higher temperatures-, 
She rates of absorption were catalyzed by adding small amounts 
of water-soluble amines, fhe second order rate constant for 
GO 2 -DEA system was found to be 5556 lit/gmole sec at 292 K. 

The activation energy was calculated to be 43»9 KJ/gmole, 

Hikita et al4^93 used rapid mixing method to study the 
kinetics of reaction of GO 2 vJd-th DM* The overall reaction 
was observed to be of third order, i,e,, first order with 
respect to GO 2 and second order with respect to DM, Ihe 
experiments were conducted for short contact times (maximum of 
about 20 milli sec.), A constant heat of reaction was assumed 
without knowing its value either experimentally or from litera- 
ture. The activation energy was found to be 53 KJ/gmole, 

■ Sada et al.[10] carried out experiments over a wide 
range of contact times for the absorption of GOg into aqueous 
amine solutions. It was suggested from the experimental results 
with a laminar liquid jet, a v/etted wall column and a quiescent 
liquid absorber that the present absorption processes should 

be analysed by a gas absorption with the consecutive reaction 

kx ^II 

of the form of A + 2B — ^ R and A + R — - — » products. 

The value of the second order rate constant for the first 
reaction step (kj) was estimated as 1340 lit/gmole sec at 298 K, 
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The kjj xvas estimated as 6.7 x 10“^ lit/g mole sec at 298 K. 

Goldrey and Harris [11] studied the kinetics of the 
liquid phase reaction between GO 2 and HEA by flow thermal 
method. The data indicated that the kinetics of the reaction 
is complex. The particular mechanism proposed consisted of two 
reactions with initially complete for the available CO 2 . One 
of these reactions was reversible and regenerated GO 2 as the 
overall reaction proceeded. Hollowing is the reaction scheme 
proposed by these authors. 


G 02 + 

2 R2^ 

Ic j 

— — i — ^ 

R2l^C00" + ^2^^^ 

(4) 

G 02 + 

2 R^^rd 

^2 . 

*«r-rr‘ 

3 

Products 

(5) 


The species participatiag in the proposed reversible reaction (5) 
were not identifiable from the data obtained. Apparent heat of 
reaction was also measured experimentally and it v/as found that 
it varied with the HEA concentration in the solution. The 
value of k^ was obtained as 800 lit/g mole sec at 291 K and • 

48.7 KJ/g mole apparent heat reaction. 

■J 

Donaldson et al..[ig found the reaction kinetics of 
G 02 ~DEA reaction using a tracec GO 2 membrane transport 
technique[13, 14, 15]. They conducted esqjerimonts with 
membrane containing 0.031 to 0.088 M DEA. They reported a 
second order rate constant for carbamate formation at 298 K 
as 400 lit/g mole sec for high concentrations and 1400 lit/g mole 


sec for low concentrations 
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Alvarez-Puster et al, [16] studied CO2-DSA reaction 
using a wetted wall tower, in the concentration range of 
0.25 - 0.82 M DEA, They reported an overall third order 
reaction, i.e., second order v/ith respect to 23EA* They reported 
a third order rate constant of 840 lit^/g-mole^ sec. 

Laddha et al . [17] investigated C02~IiE^ reaction usiiag 
a stirred vessel. They observed that presence of £200^ in 
DEA solution increases the rate of reaction. They have reported 
a correlation, for second order rate constant for GO2-DBA 
reaction, ELauwhoff et al. [2] studied the reaction between 
COg and DEA, using a stirred vessel similar to that of Laddha 
et al, [17] ♦ They reported % overall second order rate 
constant of 4100 lit/gmole sec at 298 K in the DEA concentration 
range of 0.393 - 2.308 M. 

Recently Barth et al.[l8] studied the GO2 reaction with 
TEA, using stopped flow method with optical detection in the 
ranges of 0.111 - 0.084 M DEA and 2.94 - 5.6 x lO”^ M GO2 
concentrations. A first order reaction relative to DBA v/as 
found with a rate constant for carbamate formation, as 110 + 15 
lit/gmole sec at 298 K. The equilibrium constant for the same 
reaction was also determined giving pK-g = 5.3 at 298 K. They 
proposed the following mechanism, in which the carbamate 
formation takes place simultaneously with the hydration 


reactions . 
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GO 2 + ^2© ’as; — “ 

Zf' HgGO^ 

(6) 

GO 2 + OlT 

It 

0 

0 

1 

1 

(7) 

CO 2 + E2^H ^ 

0— H2rrooo~ + 

(8) 


lAJhen [ DSA] /[ CO 2 ] '^ 2 , reaction (8) was considered as completely 
displaced towards the formation of carbamate and thus treated 
as irreversible. These authors did not study the variation 
of rate constant with pH» Their mechanism seems to be 
incomplete, as reactions (6) and (7) would have occurred 
before the actual run in homogeneous liquid phase. The stoichio^ 
me try of the overall C 02 -iDEA reaction is one to two of GO 2 and 
I£BA, which enables the formation of protonated amine, as an 
end product. This step has not been included in the mechanism 
of this reaction. 

Literature sources v/ith kinetic data on aqueous 33EA~C02 
reaction are summarized in Table 1 . The survey revealed that 
most kinetic studies of reaction were made by absorbing 

gaseous CO 2 directly into amine. Despite a considerable 
absorption data that existgfor DBA, most investigations of the 
kinetics resulted in conflicting conclusions. The results 
of (!5,9y16] differ greatly from others [2,10,11,17,18]* Serious 
discrepancies exist both in the reaction order and reaction 
rate constant values. 



iiQUSCv'S BSA 


Reference 

Ten.pe nature 
ira?if:e) K 

L£“A lace. 

't 

?:j/rscle 

E]cn.e,r::r,erital 

tec^’-nique 

Jiikita.,0t al# 

[ 9 J 

27 s. 8 - 3 -ss . 3 

0*174-0.179 

^^1^.41-27|5) fDEAJ^ 53.1 ■ 

Eanid mixim method 

Imnm Gill 

15 J 

302.4“3'15#3 

. 10»12. 

0 CBEA]^, 54.4. 

Agitated 'vessel 

Jf^rgenaeii C 4 I 

273 

0.1,0«2^0.3 ( 730+4910 Cchri)[l)EA] 

^(692+3380 [0!!-]+ 1056[BSA]) 
[LE4][16] ^ i ^ 

Cojnneti tive reaction 
v;ith C.l, 0.2, C.3 M 
MaCH 

Lad aha and 
Lanckwarts [ 20 j 

284 

0*5-2«C 

1 dsa] 

Stirred '.cel, 1 , * 



“1 - ^ . 
mb ^ 


Jensen et al.[3l 

891 

• 0.1, 0,2 , 

50BO [bSA] 

Coirretitlire r ' action 
with 0.1, 0.2 H SaCH 

Jl^rgansen [ 4 ] 

291 ' 

0 4.1 $0.2,0. 3 ^ 

( 3990+1 3950[0!rl)[l5EA] ■ 

ComnetitiTe react, ion ■ 
with 0.1,0*2,0.3H 

NaOH 

Sharma [ 2 I 1 

..291 

1 .0 

1000 [bEA] 41 «8 

laminar jet , 

Goldrey^and 

Harris fn] 

' 292 

0.1-1.0 

430 [BEA]+ lOOOror]'^/^- 48«'7 
,60(rpEA]<Rroduct])/ 

Rapid mixing method ■ 
with 0.002-0.005 H 
‘laOH 



? 

; BEA] [ 002 ] 


Alvarojs-Puster 
et al* r 16j 

Blanc and„ - 

Lenuiraia 1 22 J 

293 ' 

293-333 

0.25-0.82 

0.05-4 .0 

840 T DBA] ^ 

10^- ^ 10-4«3)f;BEi]_ 

Wetted wall column 

Wetted vfall colum 

Ratkovics and 
; Horrath [23] 

293 

0.108-0.964 

Ka [dejl]“ 

Racked coluim 

Boimldson and 
■ Hguyen [12] 

298 

0 . 031 - 0 i088 

14G0 [BEA] for [BEl 0 - 

facilitated transport 
in aqueous amine 
membraaies 

Qroot hills [24]' 

298 

2.0 

1300 [BEA] 

Stir .red cell 

Laddha anl ■ 
Lanckwerts [25 ] 

298 

0.46-2.88 

fBEAl - , 

-T — ^ 

TTTo HooTW 

Stirred cell 

Sada et al.flO] 

29B 

• 0 . 249 - 1.922 

1340 [DBA] - 

. .. Bar , 'rtft , 

Siarraa [7,21] ' 

^ ' 298 

1.0 

1500 [DBA] 41.8 


Sharm [7,21 ] 

308 

1.0 

2500 [DBA] 41.8 

- I." ' ■ ' 

Leder [8] 

3^3 


1.78 X 10^ [BEA] 43.9 


BlEuw|o.'^f et al • 

298' ' ' 

0.393-2.308 

(5.34[H20][BEA])+C7.05x 1O'‘ _ 
[OH"] bEA3 )+228[BEAf _ : 

'■ Stlrroi 

Barth et al*[’18j. 

298 

0.111-0.084 

110+15 [dea] 

St on red', fl.ow. 
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1 .3 Present Work ; 

The objective of the present work has therefore been 
to study the kinetics of homogeneous liquid phase reaction 
between COp. and PEA by means of, stopped flov/ method. Mechanism 
of this reaction was studied using pH variations in the 
reaction. 

Since neither CO2 nor PEA absorb in the UY or visible 
region our technique vras to add a small amount of a pH 
indicator to monitor the concentration charges occurring within 
the mixing cell. 



OHiPTER 2 


EKPEEMBTPAX APPARATUS MD PROGEDUKE 

2.1 Materials ; 

The prime materials used were diethanolamine (33Eli) and 
carbon dioxide gas. PEA was obtained from Amnes and Chemicals 
limited, Bombay. 

2.2 Principle of Stopped Plow ; 

The experimental method, Icnovni as stopped flow spectro- 
photometry, is used to determine the kinetics and rates of 
reactions, which result from the mixing of t\'/o samples A and B. 
These samples are contained in two syringes which are driven 
by a simple piston mecMnism. The solutions therefore leave 
the two syringes with equal flow velocities and enter a 
mixing cell, where the- mixing occurs and the following reaction 
starts: 

A + B — — ^ C + P (9) 

The mixed solution in which the reaction occurred, then enters 
a third syringe, the piston of which is driven back until 
it hits a stop which arrests the flow abruptly. The charge in 
concentration of products is monitored continuously at the 


mixing cell 
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2.3 Experimental Apparatus i 

Stopped flow spectrometer, lortech lab,, England (Model 
SE-3A) , was used to follov/ tbe reaction bet^reen DEA and 002* 

The full apparatus is shown in Figure 1 , The SP--3A apparatus 
consists of a flov/ unit, a control unit and an oscilloscope. 

These units are linked by light guides. The flov; unit consists 
of two driviag syringes, which hold the reactant solutions; 
the three-way stopcocks, used to fill these syringes or open 
them on to the flow circuit; the reactant reservoirs which 
hold, the spare solutions of reactants and the mixing cell set 
underneath a thermostatic bath. Flow unit also contains a 
stopping syringe with a three-way stop-cock. The light guides, 
which carry the light beam, are used to monitor the concentration 
of products with time, at the mixing cell. 

The control unit contains a deuterium light source, which 
is in connection with a monochromater, v;hich has a wavelength 
setter. This control unit has a photomultiplier, that converts 
the light into voltage signal and sends it to oscilloscope. 

This control unit also has required controls to light source 
and the oscilloscope, such as bias, filter etc. The oscilloscope 
is triggered by a voltage pulse produced, when the piston of the 
stopping syringe strikes a microswitch on the stopping block. 

The controls for the visual display of output signal are 
provided with the oscilloscope. 
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2.4 Indicator 

Since neither CO 2 nor DEI absorb radiation in the 
visible range of the electromagnetic spectrum, it was necessary 
to monitor concentration changes using an indicator technique [ 25 ]• 
DEA reacts with GO 2 according to the following overall 
stoichiometry. 

2 R2^^H + CC 2 + ®2^^2 

Protons are transferred to unreacted amine either via a 
zwitterionic intermediate or subsequent to the dissociation 
of an initially formed carbamic acid. In either case a 
proportion of these protons can be used to produce a color 
change in an indicator. 

Ind + Ind (11) 

Calibration esqjeriments carried out by adding known aumiunt 
of GOg or hydrogen ions to indicator + amines solutions showed 
that concentration changes are directly proportional to 
optical density changes, for small changes in pH [25]. 

Provided therefore that the proton transfer to the indicator is 
rapid, the ^change in indicator concentration can be used to 
monitor the GO 2 reaction rate. Since many proton transfers 
in acid-base reactions approach diffusion controlled rates, 
this assumption is probably valid. 

Indicators were chosen so that their dissociation 
constants were close to the hydrogen ion concentration at which 
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the reaction was studied, lor this condition the acid and 
base forms of the indicator have equal concentrations and a 
given change in the hydrogen ion concentration brings about the 
largest change in optical density. In addition indicators 
with high molar extinction coefficients and with only one 
colored, form v;ere preferred, fable 2 lists the indicators 
used . 


fABEB 2 ; BTDIGAfORS 


Indicator pH range 

Monitoring 

wavelength 

nm 

Color change 

Phenopthalein(PP) 8~11 

550 

Colorless to 
pink 

Bromo thymol blue (BIB) 6-8 

615 

Yellow to blue 

2,5 Standardization of Solutions: 



Carbon dioxide solution was 

standardized 

using a standard 


sodium hydroxide solution. BBA solution was standardized 
using a standard hydrochloric acid solution. Both the 
titrations were conducted, just before the run. 

2*6 Maintenance of pH : 

fhe pH of the reacting solution v/as maintained using a 
digital pH meter (EIIOO) , fhe reagents used to adjust pH were 
Sodium hydroxide and hydrochloric acid. 
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2.7 Oalibration of Eg i^ipmen't ; 

The reliability of the equipment was checked using sodium 
hypochlorite - sodium sulfite system.. The average of the second 
order rate constant was found to be 7800 + 200 lit/gmole sec at 
506 K, Concentration ranges of hypochlorite and sulfite v/ere 
0.004 - 0.006 M and 0.008 - 0.01 M, respectively. A pH of 11.0 
and an ionic strength of 0,034 M were maintained. The value of 
the second order rate constant agreed with the accepted values 
[27, 28], These authors used a flow thermal method to study 
this reaction, 

2 *8 Experimental Procedure ; 

To prepare aqueous solution of CO2 before each run, pure 
OO2 gas, was bubbled through a sparger, into double distilled 
water. A magnetic stirrer was used to ensure uniform concen- 
tration of carbon dioxide solution. ISEA solutions was made by 
diluting the known amount of amine with double distilled water* 
Both the solutions were titrated to find out the concentrations 
of reactants before the run. Depending on the indicator used, 
wavelength given in Table 2, was set in the wavelength setter. 
When the two reactants were mixed, in the mixing cell, by pushing 
the driving syringes, an output signal of voltage as a function 
was noted in the oscilloscope. 
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EESIJLTS AIJD DISCUSSIOIT 


3 #1 Treatment of Data ; 

The experimental data for the runs have been presented 
in Appendix, The output signal of voltage with respect to time 
was recorded for each run. This voltage data were converted 
to the absorbence of the reference reactant, using instrument 
correlations, given in Appendix. 

5 *2 Effect of Concentration ; 

A number of runs were carried out at various DEA concen- 
trations, The data have been presented in Tables A1, A2 and 
A 3 of Appendix, All the experiments were conducted at 298 K 
and. 9.5 pH. Concentration of amine was varied from 0.072-0 .097M 
and GO 2 concentration was maintained at O.OO 5 M, Indicator 
(phenophthalein) concentration was maintained at 2,5x10 M for 
all the runs. A pseudo first order condition with excess 
amine prevailed. Plots of logarthms of absorbance versus time 
were made to test the pseudo first order condition for all the 
runs. The slope of this plot gives value, A typical 

plot of logarthm of absorbance, as a function of time for 
0.097 M amine concentration and 0,0053 M OO 2 concentration 
at 298 K and 9.5 pH, is shown in Eigure 2, for run Cl . As 
shown in Figure 2, the experimental data were correlated by a 




Fig.2 Pseudo first order test for experimental data 
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straight line indicating the pseudo first order reaction, 
OYerall second order rate constants, k 2 > "were calculated hy 
dividing with the amine concentrations. Calculated 

values of the rate constants for the runs are shown in 
la ole 3* 


lABIH 5 ; OAlOnLATEh VALUES OP RilE COK'SlilTlS 
AT 9,3 pH ABE 298 K 


Run Bo, 

, DEA Cone . , 

M 

COo Cone., 


kojliVgmole 
sec . 

C~1 

0.097 

0 .0053 

2,45+0.12 

25 + 1.3 

C-2 

0 ,084. 

0 .0053 

2 . 35 + 0.13 

28+1 .6 

C-3 

0.671 

0 .0053 

1.79+0.10 

25 + 1.5 


Erom fable 3, it was observed that the overall second order 

rate constant value, k 2 was 26 + 1,6 lit/g mole seo,^ - w. at 

298 K and 9.5pH. 

3 o3 Effect of lemperature ; 

A number of experiments were carried out at various 

temperatures ranging from 293 K to 313 K, Ihe data have been 

presented in fables A-4 to A-8 of Appendix. Concentrations 

of DBA and CO 2 were maintaiaod at 0.097 M aid 0,0053 M, 

respectively for all the runs and-a pH of 9,5 was maintained, 

Phenopthalein indicator, 2.5 x 10**^ M concentration was used 

in all the runs. A pseudo first order condition was assumed 
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and the experimental data were correlated to a straight line, 
as done in Section 3 •2. Calculated values of the rate constants 
for various runs were presented in fable 4 • 



fABIE 4: 

CilCUMfEI) VAIUES 

OF 

RAfE CONSfANfS 


Af 9.5 pH 





Run No. 

DEA Gone . , 

M 

00^ Cone . 
^ M 

, fempera- 
ture, Z 

^obs j 
sec“ 

kp lit/gmole 
sec. 

C*-4 

0.097 

0.0053 

313 


5,37+0.3 

55+3.46 

C-5 

0.097 

0.0053 

308 


3.52+0.28 

36+2.97 

G-6 

0.097 

0.0053 

303 


2.66+0.17 

27 + 1 .82 


0.097 

0.0053 

298 


2.45+0.18 

25+1 .92 

0-8- 

0.097 

0.0053 

293 


1.7*+0.24 

18+2.48 

Figure 3 shows 

an Arrhenius plot of 

the values 

of the 


second order rate constant, IC 2 against 1/T. fhe apparent acti- 
vation energy was found to be 46.3 KJ/gmole* The value of 
apparent activation energy is in close agreement with the 
reported values (fable 1). 



, lit / g mole sec 
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3 *4 Species Distri'b'ution of Rea ct ants ; 

Species distribution for both CO2 and DM v/ere computed 
as a functionc'.' of pH. The concentrations of all the reactive 
species present in the system were computed using the equilibrium 
constants pS] and the total concentratiens of both GO2 and DM. 
The species present in CO2 system are CC~y CO2 HCO“ and 

H2C0^ and the species present in DSA system are AmH'^ and 
The total concentrations of CO2 and DM are 5.36x10“^ M and 
9.7x10 St, respectively. The species distribution for CO2 
system was calculated as follows; 


[ C02]g, = [00-“] + [HOO3] -fCHgCO^] + [OO2] 

( 12 ) 

where[C 02 ] represents, the total concentration of GO 2 present 

in all its forms. The concentrations of HG0~, H^GO^, and GOr, 

y 5 

were written in terms of G0~ concentration and respective 
equilibrium constants given in Table 5 [19]. Equation (12) 
then becomes 


[oo,]„ = [ooV] (1 + 


m 

Kg. 


□a.' 

KiKg 




(13) 


At a particular hydrogen ion concentration, [GO^ ] was computed 
from equation (13). The concentrations of HGO^, H2G0^ ^'^S^*^2,free 
are calculated from GO^"” concentration and their respective 
equilibrium constants (Table 5). The distribution of various 
species in the GO 2 are shown in Eigure 4» as percentages 

of the total GO 2 concentration, [CO 




6 7 8 9 10 11 12 13 

pH 


Fig. 4 Species (Hstribution of Carbon dioxide 
Qi iCOzJj - 0*0053M 
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Similarly distribution of species in the DEI. system was 
computed using the protonation constant of DEA( Table 5 )and 

the equation given below: 

= [^]free ^ 

where ■[ Am] is the total diethanolamine concentration. The 
distribution of species is shown in Eigure 5 as percentage of 
total amine concentration, [im]g,. 

TABLE 5 : EQUIlIBRIHi COITSTAFTS AT 298 K TO GALGULAEE 
SPECIES SIS TRIB UTIOL OE 00^ AlTD L EA [ 19] 


Constant 

Pteaction System 

Value at 298 E 


CO 2 + H 2 O :^i±i H 200 ^ 

Kj^=(H 2 C 03 )/(H 20 )(C 02 ) 

2 . 59 x 10 **^ 

Ki 

^ 200 ^ ^ +-HOO 3 

= (H'^)(HC 0 p/(H 2 C 03 ) 

4.43x10"'^M 

K 2 

HCO^ + 00 ^ 

K 2 (GO““)/(HCOp 

4.57x10“'*’^ M 


Am + H'^^z±:AmH'^ 

1y10“®*®^ M 


= (AmH+)/(lm)(H+) 



3.5 Effect of pH ; 

A number of runs were carried out at various pH valuss 
ranging from 7.50 to 11.25 in order to determine the effect of 



Percentage [Am] 
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laydrogen ion concentration on CO 2 -DEA reaction. She data have 
been presented in Tables A-9 to-A-17 of Appendix. All the 
runs were carried out at 9.7x10“^ M lEA, 5.36x10’“% CO 2 and 
2,5x10 indicator concentrations and at 298 K, Pseudo first 
order rate constants were calculated from the slopes of log 
versus time curves which were linear. The procedure has been 
described in Section 3.2. Oalculated values of rate constants 
at various pH values are given in Table 6. The pH profile of 
rate constant values is shown in Figure 6. Prom Figure 6 and 
Table 6, it was observed that the rate constant, k 2 » increases 
linearly upto a pH value of 10.5 and levels off at pH^ 11. 

TABLE 6: CAICULiTlL VAIDES OP RATE COHSTAHTS IT YAEIOUSjpH 



muEE- 


= 

'=T) 



C IndJ = 

= 2. 5x10-5 M and 

T = 298 K 




Sun 

Ho. 

pH 


> 

Sec“'^ 

1^25 

lit/mole sec . 

0-9 

7.50 

1.67 


0.10 

17.2 

+ 

0.92 

C-10 

7.75 

1 .85 


0.06 

19.1 

i 

0.64 

0-11 

8.00 

1.94 

± 

0.08 

20.0 

+ 

0.78 

C-12 

8.50 

2.38 

+ 

0.23 

24.6 

i 

2.32 

0-13 

9.00 

2.75 

4* 

0.32 

28.4 

± 

3.28 

G-14 

10.00 

3.68 

+ 

0.45 

38.0 

+ 

4.62 

C-15 

10.50 

3.85 


0.34 

39.8 

± 

3.54 

G-16 

11.00 

4.11 

± 

0.35 

42.4 

± 

3.60 

0-17 

11.25 

4.15 


0.36 

42.8 

±. 

3.76 




, lit /g mole sec 



Fig.6 Calculated values of rate constant as 
function of pH 
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The species distrihuilons given in Figures 4 and, 5 were 
used to identify the predominant reactive species present at a 
particular va3.ue of pH. Assuming the presence of protonated 
and unprotonated forms of DEA on one hand and 00 ^ HCO“, 

CO^ on the other, the following rate equation has been 
postulated, 

Rate^k^CAm]^ ^”^5) 


where Am represents diethanolamine. In the pH rarge 7.5— 8.0, 
the species present in the reaction system are CJ 02 ^^^ee* 
and Am^^^^ (Figures 4 and 5). Equation (15) can be written 
as 


rate = k 2 [Am]^ [ 082 ]^ = 


GO 

^ ^ 2 , free [Am]^ [COj 

im,free • 

= k 2,&ee [ H+][ 00 ,] 


2 -^ free 


Am H 


.+ 


free 


CO. 


+ k 2 , free |; 

Am, free 


2 ;;free 

free ^ free 
(16) 


or 


[ Am] 


T 


■[Am] 


free 


^^2^ T _ j5.^°2,free 
[°°2]free 


+ k°°2.yee 

im H'^ 


K_^ [IT*-] 
(17) 


where 


L I 
t^ree^ 


1 +% [Hh 


[ GO 2 ] 

gj 3_(3 1 = 1 in the pH range of 

^^°2^free 


7.5 - 8 . 0 . 
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A plo-t of left hand side of Equation (1?) versus [H"^] 

^ straight line, as shorn in figure 7, with an intercept 

It ^jfree ^ ^^7 / 

Am free ~ ± 2 lit/gmole sec and a slope 


GO, 


CO. 


fc _ 1.27x10”*° or k 2^free ^ 2 ut/gmole sec. 

AMT 


AmH' 


r+ 


In the pH range 8,0 ~9.0, the species present are imH^ 
and on one hand and and HCO^ on the other 

(figures 4 and 5). A rate expression suitable for this pH 
range is formulated below: 

I? 8 .‘fc 0 ^ -i QQ _ ^ — 

k2[Am]j [ 002 ]^! =k ^|^^®®CAihH:'^[CQ2i + k ^ Tim#] [hCO^] 

AmH ^free Am# ' . 5 

G 0 p_p - - HGO”" 

^Am,fre6 ^'^^^free ^°°2^ free ^M,free^^free 

[HCO 3 ] (18) 

rearrangement of terms gives 


k2 CCO 2 I, _ CO _ 

r-— — - k ; K/#H J - k,„ ». 

f^^^free^°°2^free ^ 


HCO,^ 


= k 


+ 


^A -Am, free 

H00“ 

^Am,f ree ^1 ^h 


Ch+] 


(19) 


where 


EArnJm r T ^ GOp] m 

1 + % [# ] and ^ ^ 


[Am] 


free 


= w 

[G 0 J^„__ Eh# 


2’^ free 


A plot of left hand side of Equation ('f 9) versus I^H"^] (figure 8) 
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0.025 + 


± ^ liVgmole .eo and k®°3 

jim,free 

0.005 lit/gmole sec. The values for k^02,free and k 2,free 
were inserted from earlier deduction. 

Finally in the pH range 9.0-10.5, species present are 

^*^2, free » ilmH'*' and on 

the other. An expression suitable for this pH range is written 
as below; 


CO 

rate = k 2 Citai]j [cop^ = ^ 2,free 


free ^^^2hree 


00 , 


^+^^®f-AiaH^[C02] + k^°°3 THCO" T 

^ free ^free J 

HOOr - 00“ - - ” ' 

■"W ^^■^^^''"°?^'^Am'free[^]free COO^"] 


00 


+k 5 
AmH 


( 20 ) 


Algebric manipulation similar to the ones derived above gives 
the following expression 

ikgEiO] [-1^1 ^ 1 


l°2,free jjfj2 jj.®2,fre6 j-jj+j 


AmH' 


Am, free 


HGOr HG0“ - ; 


go: 

= k ' 

- AmH' 

[ Am] 


go; 


^1^2% 


.+ ^Am,free rTT+ 


where ^ =1+K^ [H'^] and ;; 


[r] 

[CO^]^^ W- 


(21) 


f “2 Area 




1"^h ^ ^ ' 

[Ht ^ 

St. - _ 
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A plot of left hand side of Equation (21) versus 1 /[h^ ] (Figure 9) 
^AmH'^ 265.07 + 9 lit/gmole sec and = 51;54 + 4 

llt/gmole seo. Values for k°°2, free , 4^°°? and 

Am, free AmH+ Am, free 


^HGo; 

AmH+ 


v/ere inserted from the previous deductions. 


The 


values of individual rate constants thus deteinained are presented 


in fable 7. It is observed at pH^11, the only important reaction 

taking place is between 00^ and Am, free (Figures 4 and 5), and 

^ in 

this rate constant (51.5 + 4 lit/gmole sec) i^ agreement with 


the rate constant observed at pH 11 (43+4 lit/gmole sec., 
Figures 6 and Table 6) . 


TABLE 7 ; OAICHLATEI) VALUES OF IIIDiyiBHAL HATE COHSTAHTS 
OF BIFFESEHT HBAOTIOHSAT 298 K 


Individual rate 
constant 

Value, in 
lit/gmole sec. 

: Individual 
' rate eonstant 

Value , in 
lit/gmole sec 

. free 

Am, free 

13.77+2 

1 k^^o; 

; AmH+ 

34.80 + 4 

k^'^2,free 

■Am,H 

18 .89+2 

007“ 
k 2 

Am, free 

51.54+4 

kHco; 

Am,free 

0.0249+0.005 

, Gor“ 
k 3^ 

AmH^ 

265 .07+9 




"'Tabls''? shows that the value of is ne^igible 

Am, free 

compared to other rate constants implying that the forv/ard rate 
of Equation (22) is much too small compared to the 



LHS of equotlon (21) xtd 
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Am + HCO^ 1 Products (22) 

reverse reaction and other reactions taking place in the DEA-COg 
^atem. 

A mechanism consistent with these experimental results 
is proposed as under 

k 2 

E2NH + OO2 R2^ 

+ *'2 k 

R2MGO2 + R 2 ra 2 _^ R2ITCO2 + R2NH+ . 

(fast) (24) 

The steady state approximation on the intermediate R2lffi''C02 
gives the rate of disap peararce of carbon dioxides as 


d [002! k^kj [Am]^ JCO2I 

3^5 Tfjp" + k^ [ AmJ 


(25) 


The ratio [Am] / [CO2] is approximately 20 in these experiments and 
is much higher in actual industrial absorption systems, so the 
reverse rate constant k_2 is very small [18], Proton transfer 
step (24) is believed to be very fast as in many reactions 
involving proton transfer. Por the above cases, k_ _2 
and the Equation (25) reduces to 


d [CO^] 

^ =k2 [Am][G02> 


(26) 


Thus f.crward reaction of Equation (23) becomes the rate limiting 


step of, the process and Equation (26) represents an overall second 

order reaction, (i,e,), first order in amine as well as in 

\ . 

CHrbon dipxids# Ths sxperiinfiii’bal rssul'fcs ob'tai.iiBd in "bills 
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imrestigation. are in agreement -witii these assumptions, 

The mechanism proposed herein does not agree with some of 
the earlier literature reports [5,9,16]. Hitita et all 9 ] 
investigated this reaction, with IDEA concentration rarge of 
0.'!74 M -• 2 M and reported aaoverall third order kinetics, (i,e.) 
second order with respect to amine and first order with respect 
to CO 2 . They argued that the proton transfer step (24) becomes 
rate limiting because of the steric requirements in EEA, But 
it is hard to believe that, a proton transfer step can be so slow tl d 
that it becomes rate controlling, whatever the steric requirement 
may be . The overall reaction order from the present study is 
shown to' be two, which is in agreement v/ith most of the literature 
data[3,21,12,24,10,7,8,18] . However, the reaction rate constant 
k 2 (26+1,6 lit/gmole sec at 298 K) obtained in the present study 
is small compared with the values reported in the literature. 

This may be due to the fact that most of the experiments were 
conducted at sufficiently high concentrations of reactants, while 
experiments of this study were conducted at very low concentrations. 
Most of the reaction rate constants (k 2 ) of previous authors were 
measured indirectly by using gas absorption techniques. The 
indirect methods involve the hydration of GO 2 , when GO 2 is 
absorbed in aqueous solution of BEA, The contribution from 

•f ; , . ■ 

hydrati on yG 02 may be one of the important reasons for the high 
values of rate constants reported by earlier authors[3,7,21 ], 


1 
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The procedure adopted for resolving the rate constants 

different chemical species present in the system has 

been explained before. The possible reactions are listed 
below; 


Rate Constants 


RgM + 0 O 2 

13.77 

> 

R2rt000“ 

(27) 

+ HCO^ 

0.025 


R2NC00“+H20 

(28) 

£ 2^1 + 00““ 

51.5 


R2RC00“ + oh“ 

(29) 

R2^®2 00^ 

18.89 


R2tm'C00“ + H'*' 

(30) 

R 2 NHJ + HC0“ 

34.8 


*4“ 

R2RH‘ 000“ + H 2 O 

(31) 

R 2 RH+ + CO^ 

265 


R2H000 + H 20 . 

(32) 


All these reactions contribute towards the obserred second order 
rate constants calculated at different pH values as given 
in Table 6 and Figure 6. 

The reaction can be visualised according to a scheme given 
below. Three examples have been chooser as illustrations 



( 34 ) 
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R H - 

(Reaction of Eq,31) r + 

® 4 


)-H 

‘■t 

C 

/n 

0 0 


Ex 

J 

R 


34 >8 


^ + H2O. 


( 35 ) 

A look at the nate constants >0.11 reveal the effect of 


chaXge on the rate. '■ The rate constants involving charged 
species are higher than the imcharged species. With the same - 
species R2NH2 , "the rate increasesin the order C02<1 HCO^ .<100^ 
Similarly for R2RH species, the rate constants follovr the same 
order with an exception of HCO“ (-reaction of Eq.(28)). It 
appears that the carbamate formation does not take place to any 
appreciable extent by reaction of Bq.(28). And the reaction 
that can be considered from HCO^ and E2RH is _ 

R 2 RH + HGO^ > R2FH^ + C0~ . (36) 


This reaction was considered by Salvage and Kim [29 ]» 
who considered that the reaction would not be significant 
because of the differences in pK values of R2EH = 8.8 at 298 K 
and HCO^ = 10. 4 at 298 K. 

It is also pointed out that the value of k2 in the present 
study at pH = 10 and at 298 K, is 38 + 4 lit/gmole sec as 
compared to 110 + 15 deduced by Barth et al.[(1^, from their 
studies in which BEA = (0.111 - 8.4)x10~%4 and CO2 = (2.94-5*6) 

X 10“*% and temperature = 298 K, The activation energy in this 
study wastcalculated as 46«5 KJ/mole, which is in agreement with 
the values reported in literature (Table 1 )* 



CHAPTER 4 


COHCLUSIOHS 

The homogeneous kinetics of reaction of carbon dioxide 
and diethanolamine was studied using stopped flov; apparatus. 

The experimental results showed that the reaction is second 
order, (i.e.) first order v/ith respect to both carbon dioxide 
and diethanolamine.; The pseudo first order fit preTailed and 
the value of overall second order rate constant was calculated 
as 26 + 1-.6 lit/gmole sec at 298 K and at a pH of 9.5. The 
value of apparent activation energy was calculated as 4 - 6. 3 KJ/mole. 

The pH dependence of reaction rate constants vras used for 
resolving the individual rate constants for pairs of reactive 
species present in the system. A mechanism consistent with 
the experimental results was proposed as follows; 

k2 ^ 

R 2 HH + CO 2 E2fec02 (r d s) (23) 

K2 

R2™02 ^2^^ R 2 NCO 2 + (fast). (24) 

It was found that the reaction step (23) was rate determining 
step in which k __2 negligible compared with k^. The 
experimental data were satisfactorily correlated with the rate 

expression 
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<3 [CO^] 

" = [C!02 3- (26) 

This is the first report on resolution of individual 
rate oonetante for thle reaction. It was also pointed out that 

there is one of the fev; imrestigations made on this reaction 
hy direct chemical means . 
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CTSgRIMEara GOERBlA-glOITS 

The following oorrelations were usei to convert the 
raw data (i,e., voltage data) in terms of absorption versus 
time . 

\ = ho - ^ z) 

D^. = 1 .6 log.j,, ^ A2 

where is transmitted light intensity with sample at time t; 
Y^ is the transmitted light intensity with a non absorbing 
sample; is the number of voltage graduations at time t; 

Z is the amount of intensity of one graduation of the output 
signals and is the optical density. 

Experimental data were presented in the follov/ing 


Table s 
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Mia AT pqa ir n . 

^ - 0*002> [DM] = 0.097 M ana 
[CO2 ] = 0.0053 M [m] = 2.5 X 10-5m, am 0-1 


Time, 

(mill sec) 


G-raduaiions 


log D.{. 


15.5 

12.5 


~1 . 1 695 

-1.1715 

-1.1855 

-1.1957 

- 1.2021 

-1.2108 

-1.2149 

-1.2192 
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ISgl gm DMA AS? ?0R IT ATO q.B „TT 

7^=m2.5T, = 2.45V, [KEA] = 0.O84 M and- 

[002]= 0.0053M z = 0.001, fraa] = 2.5x10-%! 

Ran 0-2 

Time ^ ^ — “ 


(Miin sec) 

Graduations 

liOg 

2 

13 

"1.7511 

5 

12*5 

-1.7546 

10 

11 

-1.7657 

15 

10 

-1.7726 

20 

A 



y 

-1.7800 

25 

8 

-1.7875 

30 

7.5 

- 1.7913 

35 

7 

-1.7951 

40 

6.5 

- 1.7990 

45 

6 

-1.8029 

50 

5.5 

-1.8068 
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gX^RHyiEFg AL DATA k, q.5 

AHD pea = 0,07-j lif 

[ 002 ]= 0,0053M, Y = 2,57, 7, = 2.37 

-« ^ xc 

and Z = 0.002 [r.nd] = 2.5z10‘"5 m. 

Run 0-3 


Time 

(Milli sec.) 

G-raduations 

Iiog Rj. 

10 

10 

- 1.1937 

20 

8.5 

-1.2021 

30 

7 

-1.2106 

40 

6 

-1.2171 

50 

5 

-1.2236 

60 

4 

-1.2258 

70 

3 

- 1.2292 
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data at f o ^ 

^Teinp. = 313 g, [de^ 0.097 M , [oo^] = 0 
[35id] = 2.5x10“%, V - 2.57, j. ~ 2.37, 

2 - 0.002 Emi 0-4 

Time ” — =~ — 


(milli sec.) 

Graduations 

log Dj 

10 

41 

-1 .0800 

15 

40 

-1 .0833 

20 

39 

-1.0866 

25 

34.5 

-1.1018 

30 

31 

-1.1139 

35 

27 

-1.1282 

40 

23.5 

-1.1409 

45 

20 

-1.1540 

50 

17.5 

-1.1637 

55 

15.5 

-1.1715 

60 

14. 

-1.1775 

65 

12.5 

-1.1835 

70 

10.5 

-1.1917 

75 

9.5 

-1.1958 


.0053 M 
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g^PBR BTOAL MTA AT 308 K Am) q,k ^ vTt 
Temp. = 308 K, [dm] = 0.097 M, [cO J = 0.0053 M 


[lad] = 2.5x10"%, 

% = 2i5T, 
Run C-5 

%o " 2.3V, Z = 0.002 

Time 

(Milli see.) 

Graduations 

Log 

10 

24 

-1.1390 

20 

22 

-1.1465 

30 

18.5 

-1.1598 

40 

14 

-1.1775 

50 

10 

-1.1937 

60 

7 

-1 ,2063 

70 

5 

-1.2149 

80 

4 

-1.2192 

90 

2.5 

-1.2258 
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HABIM A- 6 ; PAIA AT 303 K MD 9 .5 pH 

Temp. = 303 K, Cm.] = 0,097 M , [ GOj = 0,0053 M 
[ml] 2.5x10~^M, = 2.5V, = 2.3Y, Z=0.002 

Eim C-6 


Time (Milli. 
sec) 

G-raii&tions 

log 

20 

25 

-1.1354 

30 

23 

-1.1428 

40 

20.5 

-1.1522 

50 

17 

-1.1657 

60 

13.5 

-1.1790 

70 

12 

-1.1855 

80 

9,5 

-1.1958 

90 

7.5 

-1.2042 
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MBL E ^7 ; EXPEB I MSAL D lgA A!P 298 K MD 9_,5 jgH 

Temp, = 298 K, - [dM] - 0.097M, [CO 2 I = 0.0053 M 
[ma] =: 2.5 x10~5m, V^=2^.5T, Y^^=2.3Y, Z = 0.002 


Bun 0-7 

Time 

(Milli sec) 

Graduations 

log 

20 

16 

-1.1695 

30 

15.5 

-1,1715 

40 

12.5 

-1.1855 

50 

10 

-1.1937 

60 

8 

-1.2021 

70 

6 

-1 .2108 

80 

5 

-1.2149 

90 

4 

-1.2192 
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TABIE A~8 ; EKPERB IENTA I, mSA AT 293 K #TI) 9 .5 pH 


Ten^)', : 

= ?-93 K ., 

[DEd]= 0.097 M, 

[ 002 ]= 0.0053M 

[Ind] = 

2.5x10~^M, 

= 2..5V, 

Evm C-8 

= 2 . 3 OV, Z=0.002 

lime 

(Mill! 

sec .) 

G-raduations 

IiOg iLj. 

10 


10.5 

-1.1896 

20 


8.5 

-1.2021 

50 


7 

-1.2106 

40 


6 

-1.2171 

50 


5 

-1.2236 

60 


4 

-1 .2258 

70 


3.5 

-1.2298 




Tine 

(Milll sec.) 

2 

5 

8 

10 

15 

20 

25 

50 

55 

40 
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Lgil L, SAgA AT 2 98 K MD 7.5 pH 


.097 M, 

1 — » 

O 

O 

= 0.005565 M, 

,5x10*“% 


= 2.5 "7 ¥. = 2.3T 


0 

10 

.001 

Run 

C-9 


G-raduations Log Li^ 


13 -1.2084 


12 

-1.2106 

10.5 

-1.2138 

9.5 

-1.2159 

8 

-1.2192 

6 

-1.2286 

5 

-1.2258 

4.5 

-1.2269 

4 

-1.2280 

5 

-1.2302 
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TAEEJ A-10: EXPSEIMENTAD DA5EA A2 

298 E lira 7.75 pH 

[ 0 O 2 ] = 0.005365 M, 

[DSA] = 0.097 M, fljia] = 2,5x10~% 

= 2.57, 

7^0 = 2.37, 

Z = 0.001 


Sun C-I 0 


Time 

(Milli sec.) 

Graduations 

log 

2 

18 

-1 .1979 

5 

16 

-1.2022 

• 

10 

13 

-1.2080 

15 

11.0 ' 

-1.2127 

20 

9 

-1.2170 

25 

8 

-1.2192 

30 

7.0 

-1.2214 

35 

6 

-1.2236 

40 

5.5 

-1.2247 

45 

4.5 

-1.2269 
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gABLE A~ 11; EXPE5IMT A1 BAJA Ag 298 K AlJE 8 pH 


[ DEA ] = 0.097 M, 

[ 002 ]= 0.00536 M, 

= 2.5x10'*^M 

Yq = 2.5Y, Y^^=2.45V, 

Z = 0.001 



Run G-1 1 


!P jLiiI0 

(MUli seo.) Sraduation log 


5 

8.0 

-1.7875 

8 

7.5 

~1.79'13 

10 

7.0 

-1.7951 

15 

,6.5 

-1.7990 

20 

6.0 

-1.8029 

25 

5.5 

-1.8068 

30 

5.0 

-1.8108 

35 

4.5 

-1,8148 

40 

4.0 

-1.8189 

45 

3.5 

-1.8229 

50 

3.0 

-1 .8271 

55 

2.5 

-1.8312 



MLE A- 12 



Time 

(Milli sec) 

2 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 


55 


WAL DATA AT 298 

.g MD 8.5 pH 

= 0.005365 M, 

[M]= 2.5x10’ 

= 2.45T Z = 0 

.001 

Run C-12 


'Graduations 

Dog D^ 

12 

-1.7582 

11.5 

-1.7617 

11.0 

-1.7653 

10.5 

-1.7689 

9.5 

-1 .7863 

8.5 ■ 

-1.7837 

8 

-1 .7875 

7.5 

-1.7913 

6.5 

-1.7990- 

6 

-1 .8029 

5.5 

00 

o 

00 

• 

I 

5 

-1 .8109 
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WIM A--15; EKPERH^BIT gAL DATA AS 298 K AND 9 pH 

[DEA] = 0.097 M, [CO2] = 0.005365 M, 

[Ind] = 2,5x10“% , = 2.5V, V^^ = 2.40V, 

Z = 0.001 

Sun 0-13 


Llli sec . ) 

Graduations 

log 

2 

16.5 

-1 .4793 

5 

15 

-1.4852 

7 

14 

-1.4890 

10 

13 

- 1.4929 

15 

11 

-1 .5008 

20 

9.5 

-1.5069 

25 

7.5 

-1.5151 

30 

6 

-1.5213 

35 

4.5 

- 1.5277 

40 

4 

-1.5298 

45 

3.5 

-1.5319 

50 

3 

- 1.5340 
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TABLE A--14 ; gCE BglMTAL DAT A AT 29 8 K M W 


[lea] = 



0.097M, 

2,3Y, 


[GO^] = 0.005365M, [r. 2 id]= 2.5x10“% 
= 2.57, Z = 0.001 
Run. C-14 


Time 

(Milli seo.) 

Graduations 

Log L^ 

20 

50 

-1 .1354 

25 

47 

-1,1409 

30 

45.5 

-1.1437 

35 

39 

-1.1560 

40 

33 

-1.1676 

45 

27.5 

-1.1785 

50 

22.5 

-1,1886 

55 

18 

-1.1979 ■ 

60 

15 

-1.2042 

65 

13 

-1.2084 

70 

12 

-1.2106 

75 

11 

-1.2127 

80 

10 

-1.2149 
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TABLE A~ 15; EXP ERIMTA L LATA AHl 298 K AlO ) 10,5 M 

[lSA] = 0.0971''Ij [CO^ = 0,005365M 
[rnd] = 2.5x10“% _Vq = 2.5V, Vj_^ = 2.3V, 
Eun C-15 


Time 

(Mill! sec.) 

Graduations 

Log L|. 

10 

24 

-1.1390 

20 

22 

-1.1465 

30 

18.5 

-1.1598 

40 

14 

-1.1775 

50 

10 

-1.1937 

55 

8 

-1.2029 

60 

7 

-1.2063 

70 

5 

-1.2192 



59 


MIS A~16; 

EXPEEIMMTAl DATA AT 298 E 

AED 11.0 tdH 


[r-EA.] = 

0.097 M, [cOg] = 0.0053 M, 



[IM^] = 

2, 5x10“%, = 2.57? 



= 2 

10 

.4V, z = 0.001 




Run C-16 


Time 

(Milli 

sec . ) 

Graduations 

log 1^ 

5 


20 

—1.466 

10 


18 

-1.473 

15 


15 

-1.485 

20 


13 

-1 .492 

25 


11.5 

-1 .498 

30 


10 

-1.504 

35 


9 

-1.508 

40 


8 

-1.513 

45 


6 

-1.521 




60 


gA3L B A-1 7; E XPEBIMM D ATA AT 298 K MJD 11« 25 t)H 

[DEA] = 0.097 M, [002]= 0.0053 M, [liid]= 2.5x10~^I 
= 2.5Y = 2.4J Z = 0,001 

Ran C-I7 


Time 

(Mill! sec.) 



Graduations Log Rj. 


5 


24 


-1.451 


10 

20 

—1 .466 

15 

16 

-1.481 

20 

14 

-1 .489 

25 

12.5 

-1.494 

30 

10 

-1.504 

35 

9 

-1 .508 


40 8 

45 6 


-1.513 


-1.521 


-1.525 


50 


5 
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